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(57) ABSTRACT

An error compensation device ncludes at least one photo-
graphing module, a comparison module and a compensation
module compensation module. The photographing module
establish a space coordinate system relative to the object and
comprises a first photographer and a second photographer
which respectively photograph a first non-deformed laser
speckle 1mage on a first surface and a second non-deformed
laser speckle 1image on a second surface, the first surface
differs from the second surface by an azimuth. The com-
parison module respectively compares the first non-de-
formed laser speckle image before and after the displace-

ment with the second non-deformed laser speckle 1mage to
calculate a displacement value between the two surfaces.
The compensation module controls the movement of the
object according to the displacement value. The error com-
pensation utilizes the displacement of the non-deformed
laser speckle image to obtain the absolute error of the object
and compensate the error.

8 Claims, 5 Drawing Sheets
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providing at least one photographing module
comprising a first photographer and a second

photographer

establishing a space coordinate system of the
photographing module relative to the object

operating the first photographer to photograph
a plurality of first non-deformed laser speckle
images on afirst surface of the object

opérating the second photographer to photograph-
a plurality of second non-deformed laser speckle
images on asecond surface of the object

comparing two of the first non-deformed laser speckle
images of the first surface and two of the second
non-deformed laser speckle images of the second

surface before and after a displacement of the object

calculating displacement values of the first surface and

the second surfacerespectivelyinthe space coordinate

system according to two of the first non-deformed laser
speckle images and two of the second non-deformed

laser speckle images

moving the object according to the
displacement values
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ERROR COMPENSATION DEVICE AND
ERROR COMPENSATION METHOD

FIELD OF THE INVENTION

The present disclosure relates to an error compensation
device, and 1n particular, to an error compensation device
that can be apphed to different cutting conditions by estab-
lishing a coeflicient model in advance.

BACKGROUND OF THE INVENTION

Since the Third Industrial Revolution, mechanical arms
and robots equipped with a programmable logic controller
(PLC) have begun to occupy a pivotal position 1n the field
of industrial production, especially the mechamical arm
widely used 1n precision machining or the IT industry, so
that the accuracy of positioming is crucial.

For the mechanical arms, the difliculties of positioning are
to overcome various unavoidable errors. The errors can be
roughly divided into two kinds: geometric error and non-
geometric error. The geometric errors are, for example, the
parameter errors of the links of the mechanical arm, the
errors between the reference coordinate system and the
actual space coordinate system or the parallelism errors of
the axes of the joimnts of the mechamical arm. The most
significant non-geometric error 1s thermal error, followed by
backlash error caused by a combination of gears or defor-
mation error of joints and links caused by stress or weight of
seli-body.

Since the above errors are comprehensively presented on
the mechanical arm, it 1s diflicult to establish error compen-
sation models corresponding to various error factors one by
one. Even 11 the error compensation models are established,
the individual components of the mechanical arm exist
individual errors or different errors caused by component
assembly. Therefore, error compensation models are not
always adapted to mechanical arms, which make the error
compensation work extremely diflicult.

SUMMARY OF THE INVENTION

The present disclosure provides an error compensation
device and a method for error compensation. An absolute
error 1s defined by displacement value of the non-deformed
laser speckle on the surface of the object, and compensation
work 1s performed according to the absolute error.

According to an embodiment of the present disclosure, an
error compensation device for detecting and compensating a
displacement error of an object comprises at least one
photographing module, a comparison module and a com-
pensation module. The photographing module establishes a
space coordinate system relative to the object and comprises
a first photographer and a second photographer. The first
photographer corresponds to a first surface of the object and
captures a plurality of first non-deformed laser speckle
images on the first surface, and the second photographer
corresponds to a second surface of the object and captures a
plurality of second non-deformed laser speckle images on
the second surface, wherein the first surface differs from the
second surface by an azimuth. The comparison module
compares two of the first non-deformed laser speckle images
and two of the second non-deformed laser speckle 1mages
respectively before and after displacement of the object and
calculates displacement values of the first surface and the
second surface 1n the space coordinate system. The com-
pensation module 1s coupled to the object and recerves the
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displacement values of the first surface and the second
surface from the comparison module and controls the object
movement according to the displacement values.

Therefore, 1 this embodiment, the moving distance and
the direction of any point on the surface of the object can be
obtained by comparing the non-deformed laser speckle
images photographed before and after the displacement of
the object. In addition, since the displacement value of the
non-deformed laser speckle 1s already a comprehensive
performance result of all the errors, 1t 1s no longer necessary
to establish a compensation model respectively for various
error factors. The embodiment of the present disclosure has
a faster and more accurate error compensation eilect.

In an embodiment, the space coordinate system 1s a
Cartesian coordinate system or a cylindrical coordinate
system.

In an embodiment, a unit of the displacement value 1s
length or angle.

In an embodiment, the azimuth 1s 90 degrees.

In an embodiment, the object 1s arranged on a mechanical
arm.

In an embodiment, a material of the object 1s 1nvar, super
invar or zero thermal expansion glass-ceramics.

In an embodiment, each of the displacement values of the

first surface and the second surface 1s calculated by Sum of
Absolute Differences (SAD), Sum of Squared Diflerences

(SSD), Speeded Up Robust Features (SURF), Scale Invari-
ant Feature Transform (SIFT) or Normalized Cross Corre-
lation (NCC).

In an embodiment, a number of the photographing mod-
ule 1s two, and two of the photographing modules are
arranged on both sides of the object.

With the above embodiments, the present disclosure can
be applied to the error compensation operation of a Carte-
sian coordinate system or a cylindrical coordinate system,
and since the two photographers photographed at different
azimuths, the displacements 1n all directions of the object 1n
three-dimensional space can be precisely calculated. In
addition, the use of invar, super mvar or zero-expansion
glass can make the error compensation device maintain the
calibration state and avoid the problem that the non-de-
formed laser speckle 1mages captured by the photographing
module do not correspond to the actual positions due to the
displacement of the photographing module.

According to another embodiment of the present disclo-
sure, there 1s provided an error compensation method, which
includes the following steps: providing at least one photo-
graphing module comprising a {first photographer and a
second photographer; establishing a space coordinate sys-
tem of the photographing module relative to the object;
operating the first photographer to photograph a plurality of
first non-deformed laser speckle images on a first surface of
the object; operating the second photographer to photograph
a plurality of second non-deformed laser speckle images on
a second surface of the object; wherein the first surface and
the second surface relative the object differ by an azimuth;
comparing the two first non-deformed laser speckle 1mages
of the first surface and the two second non-deformed laser
speckle 1mages of the second surface before and after a
displacement of the object respectively; calculating dis-
placement values of the first surface and the second surface
respectively 1n the space coordinate system according to two
of the first non-deformed laser speckle images and two of the
second non-deformed laser speckle images; moving the
object according to the displacement values.

Through the error compensation method, the present
disclosure captures the non-deformed laser speckle images
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through the photographer and then compares the non-de-
tormed laser speckle images captured before and after the
displacement of the object to quickly find the amount of
movement of the object on any surface or position and
directly applied to the error compensation. Therefore, the
error compensation method used 1n the present embodiment
does not need to correct each error factor one by one, but
calculates the displacement value of the photographing
position directly to make the error compensation more
accurate and etlicient.

In an embodiment, the space coordinate system i1s a
Cartesian coordinate system or a cylindrical coordinate
system.

In an embodiment, a unit of the displacement value 1s
length or angle.

In an embodiment, the azimuth 1s 90 degrees.
In an embodiment, the error compensation method further
comprises: arranging the object on a mechanical arm.

In an embodiment, a material of the object 1s invar, super
invar or zero thermal expansion glass-ceramics.

In an embodiment, the displacement value of the first
surface and the second surface 1s calculated by Sum of
Absolute Differences (SAD), Sum of Squared Diflerences
(SSD), Speeded Up Robust Features (SURF), Scale Invari-
ant Feature Transform (SIFT) or Normalized Cross Corre-
lation (NCC).

In an embodiment, the number of the photographing
module 1s two, and two of the photographing modules are
arranged on both sides of the object.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of an error compensation device
according to an embodiment of the present disclosure;

FIG. 2A 1s a schematic diagram of a photographing
module of the error compensation device of FIG. 1 1n a
Cartesian coordinate system:;

FIG. 2B 1s a schematic diagram of non-deformed laser
speckle 1mage displacements of the error compensation
device of FIG. 2A;

FIG. 3A 1s a schematic diagram of the photographing
module of the error compensation device of FIG. 1 1n a
cylindrical coordinate system;

FIG. 3B 1s a schematic diagram of non-deformed laser
speckle 1mage displacements of the error compensation
device of FIG. 3A;

FIG. 4 1s a schematic diagram of the error compensation
device of FIG. 1 applied to a mechanical arm; and

FI1G. 5 15 a flow chart of an error compensation method of
an embodiment of the present disclosure.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

To make it easier for the examiner to understand the
objects, characteristics and eflects of this present disclosure,
embodiments together with the attached drawings for the
detailed description of the present disclosure are provided.

Please refer to FIG. 1, FIG. 2A and FIG. 2B. An embodi-
ment of the present disclosure provides an error compensa-
tion device 100 for detecting and compensating a displace-
ment error ol an object O. The error compensation device
100 comprises at least one photographing module 200, a
comparison module 300 and a compensation module 400.
The photographing module 200 establishes a space coordi-
nate system relative to the object O and comprises a first
photographer 210 and a second photographer 220. As shown
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in FIG. 2A and FIG. 2B, the first photographer 210 corre-
sponds to a first surface E1 (as shown in FIG. 4) of the object
O for photographing a plurality of first non-deformed laser
speckle 1images P1 and P1' on the first surface E1. More
precisely, when the object O moved, a position of the first
surface E1 corresponding to the first photographer 210 waill
change, the first non-deformed laser speckle image Pl
captured by the first photographer 210 will also change 1ts
position to the first non-deformed laser speckle image P1'.
Theretfore, the plurality of first non-deformed laser speckle
images P1 and P1' means: a collection of images taken by
the first photographer 210 at various locations on the first
surface E1 when the object O moved. Similarly, the second
photographer 220 corresponds to a second surface E2 (as
shown in FIG. 4) of the object O for photographing a
plurality of second non-deformed laser speckle images P2
and P2' on the second surface E2, wherein the first surface
E1 and the second surface E2 differ from the object O by an
azimuth. When the first surface E1 and the second surface
E2 are displaced, the comparison module 300 respectively
compares two of the first non-deformed laser speckle images
P1 and P1' and two of the second non-deformed laser
speckle images P2 and P2' before and after the displacement
of the object O, thereby calculating displacement values d of
the first surface E1 and the second surface E2 in the space
coordinate system.

In the present embodiment, the non-deformed laser
speckle 1mage 1s generated by using coherent light source
illuminates the surface of the object O and capturing the
light scattering from the texture of the surface the object O.
Under microscopic conditions, the texture captured at any
two points on the surface of the object O cannot be exactly
the same. Therefore, by taking the texture images at diflerent
position of the first surface E1 and the second surface E2 in
advance and building each images and position to a
database, 1t can be applied to subsequent error compensation
work. For example, the first photographer 210 captures two
positions of the first surface E1 before and after the object
displaces, the comparison module 300 compares two {first
non-deformed laser speckle images P1 and P1' with the
database, the positions of the first non-deformed laser
speckle 1mage P1 and P1' on the first surface E1 can be
quickly found and the displacement value d of the first
surface E1 can be calculated.

The displacement value d described in the present

embodiment can be calculated by a combination of Sum of
Absolute Differences (SAD), Sum of Squared Diflerences

(SSD), Speeded Up Robust Features (SURF), Scale Invari-
ant Feature Transform (SIFT), or Normalized Cross Corre-
lation (NCC), but not limited thereto.

After obtaining the positions of the non-deformed laser
speckle 1mages before and after the object O displaces by
using the above method, the compensation module 400
receives the displacement values d for error compensation.
More specifically, the entire error compensation work uses
forward kinematics and inverse kinematics to iteratively
correct errors, wherein the forward kinematics refers to
calculate the last position of any point on the surface of the
object O based on the amount of movement, rotation or other
factors caused by displacement of the object, and the inverse
kinematics 1s to determine the movement of the object based
on the surface of the object at any point on the current
position and the next target position. In the present embodi-
ment, the compensation module 400 1s coupled to the object
O. When an error exists, the compensation module 400
calculates movement parameters (such as the linear move-
ment amount and the rotation amount) for correcting the
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displacement values d, wherein the movement parameters
are calculated by 1inverse kinematics using the displacement
values d, and then the object O 1s moved to the target
position. When the first surface E1 or the second surface E2
reaches a new position, the comparison module 300 com-
pares the difference between the new position and the target
position, and uses the forward kinematics to adjust the
movement parameters, and compares the displacement val-
ues d of the non-deformed laser speckle images of the new
position and the target position again, so that the compen-
sation module 400 continue to compensate for the error.
Please refer to FIG. 3A and FIG. 3B, in other embodi-

ments, the applicable object O of the photographing module
200 1s not limited to a flat surface, for example, the object
O can be a cylinder or other irregular shape, and the space
coordinate system can be Cartesian coordinate (AX™AY
> A7), cylindrical coordinate system (Ar™ A0 ™ Ah) or other
coordinate system. Similarly, the unit of the displacement

value d 1s not limited to a length but may be an angle.

As shown 1in FIG. 2B and FIG. 3B, the difference of
azimuth between the first surface E1 and the second surface
E2 1s 90 degrees. Take FIG. 2B as an example, due to the
limitation of shooting direction, 1t 1s not easy for the first
photographer 210 to photograph the displacement value d of
the first non-deformed laser speckle 1mage 1n Z direction,
and for the second photographer 220, 1t 1s hard to photo-
graph the displacement value d of the second non-deformed
laser speckle 1mage i X direction. Therefore, with the
azimuth difference between the first surface E1 and the
second surface E2, the present embodiment can obtain the
displacement values d of the object from different directions.
Please note that the 90 degrees of the azimuth 1s only for
finding the displacement values d of axes in the coordinate
system conveniently. In the case of the 1rregular surface of
the object O ({or example, the object O 1s the mechanical
arm M or arranged on the mechanical arm M), the azimuth
1s likely to be greater or less than 90 degrees. However, the
difference of the azimuth does not aflect the calculation of
the displacement values d.

Refer to FIG. 4, which 1s a schematic diagram of appli-
cation of the error compensation device 100 in this embodi-
ment to the mechanical arm M. The error compensation
device 100 also includes two or more photographing mod-
ules 200, and the positions of two of the photographing
modules 200 respectively correspond to two sides of the
object O. As shown in FIG. 4, since the mechanical arm M
has a longer length, the weight of the mechanical arm M
itsell can cause non-geometric errors in the end, by arrang-
ing the photographing module 200 on both sides of the
object O, the displacement values d of the first surface E1
and the second surface E2 can be more accurately detected.
In addition, the error compensation device 100 may be
disposed on the object O of an unloading frame, besides
being directly disposed on the mechanical arm M. In order
to avoid the unexpected deformation of the object O 1tsell,
the object O may be made of 1nvar, super invar or zero
thermal expansion glass-ceramics.

FIG. 4 illustrates the mechanical arm M with a multi-
section link, the photographing module 200 can be disposed
on the object O or the mechanical arm M, and the error
compensation device 100 includes multiple photographing
modules 200. By using the mechanical arm M as a reference
point, the displacement values d of each photographing
module 200 are used to correct the position of the next
photographing module 200. Theretfore, the comparison mod-
ule 300 can corrects the displacement values d of each
photographing module 200 so as to obtain the position errors
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ol each photographing module 200 on the mechanical arm
M. The comparison module 300 further corrects and com-
pensates each part of the mechanical arm M one by one until
the actuator at the end of the mechanical arm M.

As describe above, the present embodiment can be
applied to error compensation of mechanical arm M or other
automatic equipment. Moreover, since the present embodi-
ment measures and compensates the final result of the error,
it 1s not necessary to separately consider various error
factors and the correction method, not only the compensa-
tion result 1s more accurate, but also the difliculty of error
compensation 1s reduced.

Refer to FIG. 5, according to another embodiment of the
present disclosure, an error compensation method 500 1s
provided, which includes the following steps: at step 510,
providing at least one photographing module 200, which
includes a first photographer 210 and a second photographer
220; at step 520, establishing a space coordinate system of
photographing module 200 relative to object O; at step 530,
operating the first photographer 210 to photograph the
plurality of first non-deformed laser speckle image P1 and
P1' on the first surface E1 of the object O; at step 540,
operating the second photographer 220 to photograph the
plurality of second non-deformed laser speckle images P2
and P2' on the second surface E2 of the object O, wherein
the first surface E1 and the second surface E2 are diflerent
from the object O by the azimuth; at step 550, comparing the
two of the first non-deformed laser speckle images P1 and
P1' of the first surface E1 and two of the second non-
deformed laser speckle images P2 and P2' of the second
surface E2 before and after the displacement of the object O;
at step 560, calculating the displacement values d of the first
surface E1 and the second surface E2 1n the space coordinate
system according to the first non-deformed laser speckle
image P1 and P1' and the second non-deformed laser speckle
images P2 and P2'; at step 570, controlling the movement of
the object O according to the displacement values d.

The detailed implementation of the error compensation
method 500 of the error compensation method 1s the same as
that of the error compensation device 100 described above,
and therefore will not be described in detaill here. The
present embodiment directly measured final displacement
result at an arbitrary position on the object O and corrected
accordingly. Compared with the prior art, for example, the
method of establishing various thermal error models and
force analysis models and correcting and compensating one
by one, the error compensation method 500 has faster and
more accurate results. At the same time, 1t can correct the
displacement at any position without considering the back-
lash error of the components during assembly or the size
error of the components, which can make the correction
compensation simpler.

In an embodiment, the space coordinate system of the
error compensation method 500 1s a Cartesian coordinate
system or a cylindrical coordinate system.

In an embodiment, the unit of the displacement value d of
the error compensation method 500 1s length or angle.

In an embodiment, the azimuth of the error compensation
method 500 1s 90 degrees.

In an embodiment, the object O of the error compensation
method 500 1s arranged on a mechanical arm.

In an embodiment, the object O of the error compensation
method 500 1s made of invar, mvar or zero thermal expan-
sion glass-ceramics.

In an embodiment, the displacement values d of the first
surface E1 and the second surface E2 of the error compen-
sation method 3500 are calculated by Sum of Absolute
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Differences (SAD), Sum of Sum of Absolute Squares of
Squared Differences (SSD), Speeded Up Robust Features
(SURF), Scale Invariant Feature Transform (SIFT) or Nor-
malized Cross Correlation (NCC).

In an embodiment, the number of the photographing
module 200 of the error compensation method 500 may be
two, and two photographing module 200 respectively cor-
respond 1n position to two sides of the object O.

While the present disclosure has been described by means
ol specific embodiments, numerous modifications and varia-
tions could be made thereto by those skilled in the art
without departing from the scope and spirit of the present
disclosure set forth in the claims.

What 1s claimed 1s:

1. An error compensation method for detecting and com-
pensating a displacement error of an object, the error com-
pensation method comprising:

providing at least one photographing module comprising

a first photographer and a second photographer;
establishing a space coordinate system of the at least one
photographing module relative to the object;
operating the first photographer to photograph a plurality
of first non-deformed laser speckle images of a first
surface of the object;

operating the second photographer to photograph a plu-

rality of second non-deformed laser speckle images of
a second surface of the object, wherein the first surface
ol the object and the second surface of the object ditfer
by an azimuth;

comparing a {irst non-deformed laser speckle image of the

plurality of first nondeformed laser speckle 1mages
photographed before displacement of the first surface
of the object to a first non-deformed laser speckle
image of the plurality of first non-deformed laser
speckle 1images photographed after displacement of the
first surface of the object to calculate a first displace-
ment value 1n the space coordinate system for the first
surface;
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comparing a second non-deformed laser speckle image of
the plurality of second nondeformed laser speckle
images photographed before displacement of the sec-
ond surface of the object to a second non-deformed
laser speckle image of the plurality of second non-
deformed laser speckle images photographed after dis-
placement of the second surface of the object to cal-
culate a second displacement value in the space
coordinate system for the second surface; and

moving the object according to the first displacement
value and the second displacement value.

2. The error compensation method according to claim 1,
wherein the space coordinate system 1s a Cartesian coordi-
nate system or a cylindrical coordinate system.

3. The error compensation method according to claim 1,
wherein a unit of the first displacement value 1s length or
angle and a unit of the second displacement value 1s length
or angle.

4. The error compensation method according to claim 1,
wherein the azimuth 1s 90 degrees.

5. The error compensation method according to claim 1,
wherein the object 1s arranged on a mechanical arm.

6. The error compensation method according to claim 1,
wherein a material of the object 1s invar, super invar or zero
thermal expansion glass-ceramics.

7. The error compensation method according to claim 1,

wherein the first displacement value and the second dis-
placement value are calculated by a combination of Sum of
Absolute Differences (SAD), Sum of Squared Diflerences
(SSD), Speeded Up Robust Features (SURF), Scale Invari-
ant Feature Transform (SIFT) or Normalized Cross Corre-
lation (NCC).

8. The error compensation method according to claim 1,
wherein a number of the photographing module 1s two, and
two of the photographing modules are arranged on both
sides of the object.
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